Upon insertion, transposable elements can disrupt or alter gene function in various ways. Transposons moving through a cut-and-paste mechanism are in addition often mutagenic when excising because repair of the empty site seldom restores the original sequence. The characterization of numerous excision events in many eukaryotes indicates that transposon excision from a given site can generate a high degree of DNA sequence and phenotypic variation. Whether such variation is generated randomly remains largely to be determined. To this end, we have exploited a well-characterized system of genetic instability in the fungus Ascobolus immersus to perform an extensive study of excision events. We show that this system, which produces many phenotypically and genetically distinct derivatives, results from the excision of a novel Ds-like transposon, Ascot-1, from the spore color gene b2. A unique set of 48 molecularly distinct excision products were readily identified from a representative sample of excision derivatives. Products varied in their frequency of occurrence over 4 orders of magnitude, yet most showed small palindromic nucleotide additions. Based on these and other observations, compelling evidence was obtained for intermediate hairpin formation during the excision reaction and for strong biases in the subsequent processing steps at the empty site. Factors likely to be involved in these biases suggest new parallels between the excision reaction performed by transposons of the hAT family and V(D)J recombination. An evaluation of the contribution of small palindromic nucleotide additions produced by transposon excision to the spectrum of spontaneous mutations is also presented.
Transposons are ubiquitous components of both prokaryotic and eukaryotic genomes, contributing to structural organization, gene activity, and evolution. Two classes of transposons have been distinguished according to their modes of transposition (12) . Class I transposons, or retroelements, move by reverse transcription of their RNA, whereas class II transposons are mobilized by either excision/reinsertion or cointegration. Although class I and class II transposons generate variability primarily by their insertion into host DNA, class II elements that move by a cut-and-paste mechanism often produce additional variability at a given site as a result of the excision footprint left at that site. Understanding how these footprints are formed is therefore essential for the proper evaluation of the full mutational impact of the class II transposons.
The excision reaction can be separated into two steps, double-strand break formation at both ends of the transposon and repair of the gapped molecule. In vivo and in vitro studies performed with bacterial and animal DNA transposons have shown that all transposases examined cleave precisely at the 3ЈOH ends of the element, which serve for the subsequent strand transfer reaction. On the other hand, the position of the 5Ј cleavage required for the excision of the element need not occur precisely at the transposon ends. It varies between transposon types and may not always be fixed for a given transposon species. Thus, 5Ј cleavage occurs directly opposite 3Ј cleavage for the bacterial transposon Tn10 (6), but is staggered inward by 2 nucleotides for the Caenorhabditis elegans transposons Tc3 and Tc1 (28, 29) and by 17 (and sometimes more) nucleotides for the Drosophila P element (4) , and is staggered outward by 3 nucleotides for the bacterial transposon Tn7 (2) .
The presence of transposon-derived sequences at the borders of the gap produced by excision of the Tc1, Tc3, and P elements readily accounts for the many excision products they generate that retain the two copies of the target site duplication as well as terminal sequences of the element. Indeed, these products are those expected if repair of the empty site occurs by a simple end-joining reaction (4, 28, 29) . Variability among products would result from variations in the position of 5Ј cleavage, from exonucleolytic degradation of the 5Ј or 3Ј extensions of the gapped DNA, and from annealing of small complementary sequence motifs between the 5Ј or 3Ј extensions prior to filling in and ligation.
In contrast, class II transposons of the hAT family, represented by the Drosophila element hobo and the plant transposons Ac/Ds and Tam3 (7) , generate excision products that in many cases cannot be accounted for by a simple end-joining reaction. These products have lost all traces of the element and contain instead an inverted duplication of the transposon-proximal part of one or the other of the two copies of the target site duplication (for examples, see references 1, 9, and 14) . In the absence of data concerning the intermediates formed during the excision reaction of transposons of the hAT family, two radically distinct models have been proposed to explain inverted duplication formation. In one model, outward-staggered cuts along the length of the target site duplication are made at each end of the transposon, and inverted duplications are formed during gap repair as a result of the DNA polymerase switching template from the flank DNA to the target sequence still attached to the 5Ј ends of the transposon (21, 24) . According to this model, variability in the excision footprints generated from a given site would primarily result from a combination of exonuclease activity on the flank DNA before gap repair and of variable DNA synthesis past the template switching point. In the other model, inverted duplications are caused by the formation of hairpins at the flanks and by their subsequent resolution elsewhere in the sequence, before gap repair (9, 21) . In the more recent version of this model, based on a larger set of excision footprints, variability would primarily result from resolution of the hairpins at different points within the structure and from a possible exonucleolytic activity on the resolved hairpins (9) .
Strong support for the hairpin model of transposition excision comes from the recently deciphered mechanism of V(D)J coding joint formation, responsible for the production of functional immunoglobulin and T-cell receptor genes during vertebrate lymphoid development (for a review, see reference 20). Although hairpin formation in the transposon excision model is assumed to occur by free-end ligation (9), one could equally envisage that it occurs by direct transesterification, as in V(D)J recombination (27) . Following hairpin formation, processing relies on similar enzymatic activities in both cases, and it is the interplay of these activities which creates diversity in the hairpin model of transposition, just as it does in V(D)J recombination.
Previously, V(D)J recombination was thought to create junctional diversity in a random fashion, but recent evidence contradicts this. In particular, the nucleotide sequence of the hairpinned coding ends has been shown to play a determinant role in their own processing and thus in the variety of junctions that can be generated at any given V(D)J coding joint (11, 13, 17, 18 ). An influence of adjacent sequences on the footprints generated on transposon excision has also been documented for the maize transposon Ds, based on an analysis of footprints produced from six different excision sites (26) . No attempt, however, has yet been made to evaluate precisely the diversity of excision footprints that can be generated from a given site and the origin of potential biases for any hAT transposon.
We set out to obtain such an evaluation by performing an extensive analysis of the excision products generated by Ascot-1, a newly discovered Ds-like transposon in the fungus Ascobolus immersus. Several key factors made this analysis unique a priori. First, since Ascot-1 was isolated from an unstable mutant allele (b2-G0) of a spore color gene, b2, its excision could be monitored in single cells (16, 19) . Second, as Ascot-1 excision from b2-G0 is restricted to a very narrow window during the A. immersus life cycle, just before meiosis (19) , excision could be detected just one or two cell divisions after it occurred, limiting the risks of clonal origin. Third, given the ease with which hundreds of thousands of asci can be scored for spore color in A. immersus, hundreds of revertants of independent origin could be identified rapidly.
We characterized from the same b2 site a total of 48 molecularly distinct excision footprints whose frequencies of occurrence ranged over at least 4 orders of magnitude. Small palindromic nucleotide additions indicative of the formation of a hairpin intermediate during the excision reaction at one or the other of the two flanking ends were found in 43 of the 48 footprints. Processing of the two flanking ends differed, and biases including the addition of a nontemplated nucleotide(s) were observed at each processing step. Taken together, these observations provide compelling evidence for strong nonrandomness of the excision reaction and suggest new parallels between the excision reaction performed by transposons of the hAT family and V(D)J recombination. In addition, a disproportionate association between transposon excision and reinsertion was found for one of several predominant products tested. This result indicates for the first time that the precise fate of an element following excision may be affected by the nature of rearrangements taking place at the excision site.
MATERIALS AND METHODS
Culture media, crossing conditions, and strains. Standard media and procedures were used (19) . The b2-G0, b2-G1, and b2-G234 alleles have been described previously (19) .
DNA isolation and manipulation. The procedures were as described previously (10) . The Ascot-1 probe was obtained by PCR (for conditions, see below), using the single primer pITR corresponding to the sequence of the left terminal repeat (Fig. 1A) : 5ЈCAGTGTTCTCAACAGTCAGTCCGGC3Ј.
PCR analysis and sequencing of b2-G0 and of individually isolated derivatives. Amplification of genomic DNA (50 to 100 ng) was carried out by using one step of 94°C (4 min), followed by 35 cycles of 94°C (1 min)-63°C (30 s)-72°C (4 min) and one last step of 72°C (7 min). Amplification products were polyethylene glycol purified (22) and then run on a gel to estimate their sizes and quantities. Direct sequencing of the purified products was performed at least once on both strands on an ABI 372A machine, using ABI Dye Terminator Cycle Sequencing kits (Perkin-Elmer).
The following primers were used to locate and sequence Ascot-1 within the 2.4-kb NdeII fragment of b2-G0. They are named according to the position of their 5Ј nucleotides (upper primers) or their 3Ј nucleotides (lower primers) on the sequenced fragment containing the b2 gene (9b). The 8-bp Ascot-1 target site within b2 is located between positions 5323 and 5330. The upper primers were p4714 (5ЈACCGTCGTCCAAGTCCTCA3Ј) and p5189 (5ЈGGGAGGTGGCG ATTATGAT3Ј). The lower primers were pR5472 (5ЈATAGGAACCCGCCTT ATCG3Ј), pR5932 (5ЈCAGCGGCGGCATAGTTGTT3Ј), pR6404 (5ЈGCATC TTCGTCGGAGGAGT3Ј), and pR6737 (5ЈCCAAGACCTCGTCCCAAGC3Ј).
The various excision products were amplified with primers p4714 and pR6737, except for those corresponding to products 35 to 42 (Fig. 2B ), which were amplified with a different upper primer: p4323 (5ЈCTGAGGAGGACGACTAC CA3Ј; for products 35 to 41) or p2805 (5ЈGCCTCCGTCCTTTTCGTCA3Ј; for product 42).
Sequencing of products of apparent wild-type size was performed on both strands with primers p5189 and pR5472, respectively. Shorter products were sequenced with one or two of the other primers, chosen on an ad hoc basis (the upper strand of product 42 was sequenced with yet another primer, p3530 [5ЈCCTCCCCTCCGAATACGAA3Ј]).
PCR isolation and sequencing of mutant derivatives obtained after en masse harvesting of progeny of b2-G0 ؋ b2-G0 crosses. To avoid amplification of the vastly more abundant b2-G0 allele or across the stem-loop structure that could be potentially formed by the Ascot-1 sequence, DNA isolated both from the parental strains and following en masse germination of nonrevertant progeny spores was first digested to completion with the enzyme ScfI, whose recognition site CTPuPyAG is present seven times within Ascot-1 but absent from the entire b2 sequence (data not shown). Digests (ϳ25 ng, ϳ5 ϫ 10 5 genomes) were then subjected to PCR with primers p4717 and pR5932, each approximately 600 bp away from the Ascot-1 integration site.
Nucleotide sequence accession number. The 409-bp Ascot-1 sequence has been submitted to GenBank under accession no. AF054897.
RESULTS
The unstable white-spore b2-G0 mutation results from the insertion of a 409-bp nonautonomous transposon into the b2 coding region. The approximately 400-bp insertion present in the 2.4-kb MboI fragment of b2-G0 (10) was further localized by PCR using various pairs of primers derived from the corresponding wild-type fragment (results not shown). Direct sequencing of chosen amplification products indicated that the insertion is 417 bp long and located within the b2 coding sequence (Fig. 1A) . Several in-frame stop codons are created as a result, suggesting that the b2-G0 white-spore mutant phenotype is caused by the synthesis of a truncated b2 gene product (Fig. 1B) . Further examination of the insertion shows that it is composed of a noncoding 409-bp sequence with nearperfect 25-bp inverted terminal repeats and several internal direct or inverted repeats (Fig. 1C) , flanked by an 8-bp duplication of the b2 sequence. Considered together, these and other observations (see below) designate the 409-bp sequence as a nonautonomous class II transposon (12), which we have called Ascot-1 (Ascobolus transposon-1).
The b2-G0 instability generates at least six phenotypically distinct colored derivatives. The system of spore color instability associated with the b2-G0 mutation was reconstituted by setting up multiple crosses between two b2-G0 strains selected for high fertility. Among the approximately 7 ϫ 10 5 asci obtained, 1,119 contained at least one colored spore. Spore color segregated 4:4 in 94% of the 1,119 asci, indicating premeiotic reversion of the b2-G0 mutation, and mostly 6:2 or 2:6 otherwise, as expected if gene conversion occurred during meiosis following premeiotic reversion in one parent. Taken together, these results give an apparent reversion frequency of 0.8 ϫ 10
Ϫ3 , a value similar to that reported originally (0.4 ϫ 10 Ϫ3 to 0.5 ϫ 10 Ϫ3 [19] ). Whereas the colored spores of 1,047 of the revertant asci were phenotypically indistinguishable from wildtype brown spores, those of the other 72 revertant asci showed only partial pigmentation. To determine spore color unambiguously, we germinated one partially colored spore from each of the 72 relevant asci and one wild-type-like spore from a sample of 93 of the 1,047 other revertant asci. Crosses were performed between the resulting strains and a wild-type tester strain of the opposite mating type. Of the 72 strains derived from partially colored spores, 68 bred true and 4 yielded only phenotypically wild-type spores. As for the 93 strains derived from fully colored spores, all but one bred true, the exceptional one yielding only partially colored spores. Thus, spore color was correctly determined in over 90% of cases directly from the original crosses and was always stable. Based on this result, it can be estimated that 7% (79/1,119) of all colored derivatives exhibit partial coloration. Significantly, more precise analysis of spore color revealed an extended range of partial color phenotypes: besides known color variants described previously as banded, spread, blotchy, and double-belted, a new one, termed speckled, was found ( Fig. 2A) , as well as a whole spectrum of intermediate stable phenotypes ranging from spread to blotchy on one side and from blotchy to double-belted on the other side (not shown).
The b2-G0 instability results from the excision of Ascot-1 and generates dozens of molecularly distinct colored derivatives. To determine whether fully colored derivatives of b2-G0 were genetically true wild type, 16 were picked at random and crossed with a b2-G1 mutant strain. When crossed with the wild type, b2-G1 gives approximately 10% of asci with a non-4-brown:4-white (4B:4W) segregation of spore color, and of these, over 80% show postmeiotic segregation (5B:3W and 3B:5W) (19) . In the 16 crosses performed, the frequency of postmeiotic segregation was always much lower than 80% of the non-4B:4W segregation (data not shown), indicating that none of the 16 fully colored derivatives that were analyzed genetically carried a true wild-type b2 allele. Likewise, genetic analysis of 30 derivatives covering the whole spectrum of partial color produced several examples of distinct patterns of gene conversion for a given phenotypic class in crosses with b2-G1 (data not shown). These results are in line with those obtained previously on another series of colored b2-G0 derivatives (19) .
To investigate the nature of the molecular diversity revealed by the combined phenotypic and genetic analysis, total DNA was extracted from the mycelia of the 46 colored derivatives that were analyzed genetically (16 brown and 30 partially colored) as well as from the mycelia of 48 brown and 2 partially colored derivatives that were obtained in other b2-G0 ϫ b2-G0 crosses (including the previously described b2-G234 brown derivative [19] ). DNAs were amplified with primers flanking the Ascot-1 insertion site in b2-G0 and then directly sequenced. No Ascot-1 sequence was present in any of the amplified products, indicating that all of the 96 colored derivatives result from Ascot-1 excision (Fig. 2B) . Together with the observation that Ascot-1 was found reinserted elsewhere in the genome in a fraction of the colored derivatives (see Fig. 4 and below), this provides definitive evidence that Ascot-1 is mobile and that it moves through a cut-and-paste mechanism.
As shown in Fig. 2B , the 96 colored derivatives corresponded to 42 molecularly distinct excision products. As expected, all restored an uninterrupted reading frame, yet large differences existed between products. Phenotypic and molecular differences correlated in some instances. Thus, all of the 27 different excision products (14, 15 , and 18 to 42) that corresponded to the 32 partially colored derivatives exhibited deletions. These extend 120 bp or more 5Ј from the excision site, and color defects increase with deletion size. Conversely, 3 of the 15 different excision products defined by the 64 brown derivatives exhibited large deletions of the b2 coding sequence 3Ј to the target site (products 13, 16, and 17), another 10 exhibited small sequence additions (6 to 15 bp, products 1 to 10), 1 exhibited a 3-bp deletion (product 12), and 1 restored the wild-type b2 sequence (product 11).
Revertant excision products fall into four classes. The 42 excision products obtained can be grouped into several classes and subclasses (Fig. 2B) . Class 1 products (37 in total) shared three features: (i) they retained nearly intact one or the other of the two copies of the target site duplication, (ii) the nearly intact copy always contained as the only modification a transversion of the transposon-proximal nucleotide, and (iii) it was always associated with an inverted partial duplication centered on the transversion site. Class 1 products can be further subdivided into three subclasses, according to the fate of the second copy of the original target site duplication. Class 1A products (2 of 37) retained a second copy showing (like the first one) a transversion of the transposon-proximal nucleotide, plus an inverted duplication of two nucleotides in one case, but no other modification. In contrast, class 1B products (8 of 37) contained a second copy which lacks two to four nucleotides from the transposon-proximal end. Significantly, this partly deleted copy was not associated with any inverted duplication. Finally, class 1C products (27 of 37) completely lacked the second copy of the target site duplication. In fact, class 1C products showed deletions that extend to various lengths past the second copy into the b2 flanking sequence, and one (prod- The 96 colored derivatives correspond to 42 distinct excision products, numbered 1 to 42. The number of derivatives corresponding to a given product is indicated above that product, on the left. When molecularly identical derivatives were not all isolated from independent crosses, the numbers of those that were (and that are therefore unambiguously nonclonal) are indicated in brackets. The b2 8-bp target site and its duplication upon Ascot-1 integration are shown at the top of the left panel. For the products of classes 1A, 1B, and 2, the remnant of the target site duplication generated upon Ascot-1 integration is indicated and missing nucleotides are shown as white boxes. A grey arrow and a dot designate an inverted duplication of part of the target site and a transversion of its transposon-proximal nucleotide, respectively (the nucleotides of products 3 and 10 that could belong either to the left inverted duplication or to the right copy of the target site duplication are boxed). Additional, nontemplated nucleotides are underlined. Size differences with the wild-type b2 sequence are indicated on the right. For the products of the other classes, deletion sizes are indicated centrally and deletions are drawn to scale, except for products 16, 17, and 42. The structure of the deletion ends of the class 3 product is shown in grey. The nearly intact copy of the target site duplication which is retained in products of class 1C and class 3 is indicated by a black arrow. The inverted duplication and the transition associated with this copy in class 1C products are shown on the right: CAG for the remnant right copy TGCTGGT and ACC for the remnant left copy CTGCTGG. Nucleotides are shown in brackets when they could alternatively correspond to the first b2 nucleotide past the 5Ј deletion endpoint. The exceptional double-deletion product 17 corresponds to the b2-G234 derivative. The upstream deletion endpoints of products 14 and 15 are 295 and 448 bp away from the excision site. uct 17, corresponding to derivative b2-G234) showed, in addition, a second deletion located 180 bp 3Ј to the first one. Among the class 1 products, 8 of 37 were also distinguished by the presence of one or two nontemplated nucleotides (underlined in Fig. 2B ), which abut the inverted duplication associated with the near intact copy(ies) of the target site duplication. Incidentally, this addition of nontemplated nucleotides was seen in the 2 products of class 1A and 5 of 8 (products 4 to 8) of class 1B, but only 1 of 27 (product 24) of class 1C.
In contrast to the class 1 products, the other five excision products obtained from our sample of colored derivatives all corresponded to simple deletions. Class 2 products had deletion endpoints that lie within the target site duplication. This led in one case (product 11) to the restoration of the wild-type b2 sequence and in the other case (product 12) to a 3-bp deletion. As for the deletion present in the single class 3 product 13, its endpoints are within two near identical b2 sequences of substantial length (25 bp). Significantly, the 3Ј end of the upstream copy, which is separated by 534 bp from the downstream copy in the wild-type b2 allele, corresponds precisely to the target site and is where the deletion endpoint lies within the 25-bp sequence (Fig. 2B) . Lastly, two products (14 and 15) composed class 4: they exhibited a bidirectional deletion that extends beyond the target site duplication and ends within sequences of little (2 bp) or no homology.
Ascot-1 excision leads to hundreds of minor revertant products and to five predominant ones. Although the 96 colored derivatives that were analyzed molecularly originated from 48 independent b2-G0 ϫ b2-G0 crosses (data not shown), 22 cases of a derivative molecularly identical to one or more derivatives of the same cross were found (Fig. 2B) . To explore the possibility that Ascot-1 excision occurs earlier than during the last mitotic cycle before meiosis and that clonally related derivatives could arise as a result, several individual fruiting bodies with one 4B:4W ascus already protruding were isolated from a crossing plate. Among these, one gave ultimately another 4B:4W ascus and several 0B:8W asci. Sequencing of the two colored derivatives isolated from the same fruiting body indicated they were identical to each other and hence clonally related (not shown).
Given this last result, we have only considered in the following analysis the 74 derivatives that were unambiguously nonclonal (28 partially colored and 46 phenotypically wild type). Hence, we have assumed a true frequency of reversion in b2-G0 ϫ b2-G0 crosses of 0.5 ϫ 10 Ϫ3 instead of the apparent one of 0.8 ϫ 10
Ϫ3 . The 28 partially colored derivatives correspond to 27 distinct deletion products, 25 of class 1C, and 2 of class 4. Given that these products exhibited deletions ranging from 120 to 1,713 bp and that they were represented only once, with one exception (product 39), it is therefore likely that at least 531 [(1,713 Ϫ 120)/3] and probably many more distinct products giving partially colored spores could be generated upon Ascot-1 excision. Since partially colored derivatives represent an estimated 7% of all the colored derivatives generated upon Ascot-1 excision (see above), each of the predicted 531 or more products giving partially colored spores would arise at a frequency of about 0.7 ϫ 10 Ϫ7 or less (0.5 ϫ 10 Ϫ3 ϫ 7% ϫ Ͻ1/531) in b2-G0 ϫ b2-G0 crosses when of class 1C and at least 10-fold less frequently when of class 4.
In contrast to the situation observed for the 28 partially colored derivatives, the 46 phenotypically wild-type derivatives correspond to 15 distinct products only. These products are not all equally abundant, since 5 were represented by four derivatives or more, while the other 10 were represented by one or two derivatives only. The five predominant products are the single class 3 product (product 13) and four of the class 1B products (products 3, 6, 9, and 10). Given that these products were represented by between 4 (9%) and 12 (26%) of the 46 fully colored derivatives, their frequency of occurrence in a cross can be estimated to be approximately 0.4 ϫ 10 Ϫ4 to 1.2 ϫ 10 Ϫ4 (0.5 ϫ 10 Ϫ3 ϫ 93% ϫ 9 to 26%). As for the 10 minor products, 2 belong to class 1A, 4 belong to class 1B, 2 belong to class 1C, and 2 belong to class 2. This suggests that Ascot-1 excision can generate dozens or more of phenotypically wildtype but molecularly diverse products in addition to the five predominant ones. Their frequency of occurrence in b2-G0 ϫ b2-G0 crosses is likely to vary greatly between classes, from 10 Ϫ8 or less for class 4 products (yet to be documented) to perhaps as much as 10 Ϫ4 or so for the class 1 products 8 and 14. Ascot-1 excision also leads preferentially to a limited number of stable mutant products. Previous studies have shown that b2-G0 also gives rise to white derivatives at high frequency (approximately 5 ϫ 10 Ϫ3 in b2-G0 ϫ b2 ϩ crosses), which can be distinguished from the white-spore b2-G0 mutation on the basis of genetic criteria (19) . To investigate the molecular nature of these derivatives, eight were isolated at random from two independent b2-G0 ϫ b2 ϩ crosses and sequenced. Sequencing was also performed on one of the originally described white-spore derivatives, b2-G1 (19) . As shown in Fig. 3 , the nine derivatives corresponded to five distinct excision products, which added 7, 8, 10, or 11 nucleotides to the wild-type b2 sequence. Although these five products disrupted the b2 reading frame, as expected from their mutant phenotype, they exhibited the same molecular features as the phenotypically wild-type products of classes 1A and 1B. They were thus designated either class 1A or class 1B products (Fig. 3) .
White derivatives of b2-G0 were also analyzed by PCR performed on DNA isolated en masse from the progeny of b2-G0 ϫ b2-G0 crosses (see Materials and Methods). No excision products were detected in DNA from two parental b2-G0 strains, confirming that Ascot-1 excision does not occur at detectable levels during vegetative growth. In contrast, PCR amplification of DNA from germinated spores of approximately 7,000 and 22,000 0B:8W asci issued from two independent crosses always yielded single bands of wild-type size on gels (not shown). Given that primers were located approximately 600 bp from the Ascot-1 insertion site, this result implies that the noncolored derivatives of b2-G0 correspond predominantly to wild-type size excision products. Direct sequencing of the wild-type size bands revealed a mixture of distinct products FIG. 3 . DNA sequences of the excision footprints of 17 white derivatives of b2-G0. A total of six molecularly distinct excision products, numbered 43 to 48, were obtained from the sample. Representation is as in Fig. 2B , except that the numbers shown above the products refer to derivatives isolated by means of genetic criteria (left) or by PCR (right). Nucleotides that could be part of either of the two inverted duplications of the two class 1A products are boxed. Note that the predominant product 44 could be drawn alternatively with only one inverted duplication, CAG, associated with a nontemplated addition of an A. This would make this product resemble more closely class 1B product 6, which is predominant among products that restore spore color partially or fully (Fig.  2B) . The mutant derivative b2-G1 corresponds to product 48.
(not shown). To document this further, the amplified DNA was cloned and eight inserts were sequenced. Four different excision products were identified, three of which were previously identified in b2-G0 ϫ b2 ϩ crosses by genetic criteria (products 43, 44, and 47 [ Fig. 3]) . The fourth product, 45, added eight nucleotides to the wild-type b2 sequence and was assigned to class 1B (Fig. 3) .
In conclusion, our analysis of white derivatives of b2-G0 isolated either genetically or directly by PCR yielded six distinct excision products, all disrupting the b2 reading frame and belonging to class 1A or 1B. At least four of these products must occur frequently since they were recovered more than once from independent crosses in the small sample analyzed (Fig. 3) . Conversely, as no products of classes 1C, 2, and 4 were recovered in our analysis of white derivatives, it is likely that these classes are also rare among products giving white spores.
Ascot-1 excision is accompanied by its reinsertion elsewhere in the genome. To obtain conclusive evidence that Ascot-1 is a bona fide class II transposon, the fate of the element present in b2-G0 was investigated on a sample of 61 colored derivatives, including one clonal pair, and corresponding to 34 distinct products in total. DNAs were digested with NdeII, a restriction enzyme that does not cut within the 409-bp Ascot-1 element, and subjected to Southern blot analysis using the entire 409-bp element as a probe. This analysis was facilitated by the fact that all of the parental b2-G0 strains contained only two copies of Ascot-1, one residing in b2 and one residing elsewhere in the genome (Fig. 4 shows examples) . A total of 14 derivatives showed a new hybridizing NdeII fragment and thus proof of Ascot-1 mobility (see Fig. 4 for examples and Table 1 for a summary). Furthermore, the two clonal derivatives were among these, and both exhibited the same new hybridizing band, as expected.
The 13 reinsertions involved 8 of the 34 products. These eight products belonged to classes 1B, 1C, and 3 (Table 1 and Fig. 2B ). Strong distortions were observed, however, since 6 of 13 reinsertions involved a single class 1B product (product 9 [ Table 1 ]).
DISCUSSION
We have identified the first class II transposon of the fungus A. immersus and have performed an extended analysis of the spectrum of footprints produced by its excision from a given site within the spore color gene b2. Whereas an unbiased PCR approach would preferentially identify those excision products that occur most frequently and/or would be constrained by the choice of primers, the use of spore color as a selection criterion and the wide range of rare partial revertant phenotypes produced upon Ascot-1 excision ensured that excision footprints were identified essentially independently of their frequency of occurrence or of their nature (large deletions versus small alterations). Thus, from a selected sample of around 100 b2-G0 derivatives, a total of 48 molecularly distinct excision products were obtained, varying in their individual frequency of occurrence over at least 4 orders of magnitude and in their nature from the addition of a few base pairs with respect to the wild-type sequence to the deletion of over 1.7 kb. This data set provides the most comprehensive picture so far of the type and range of excision products that can be generated by transposon excision from a given site.
Despite varying greatly in frequency of occurrence, the vast majority of the excision products identified (43 of 48) belong to a single class (class 1). All class 1 products present at least one nearly intact copy of the target site duplication (with a transversion of the transposon-proximal nucleotide as sole modification), and they all display an inverted partial duplication of this copy, centered on the transversion site ( Fig. 2B and 3) . These features are entirely consistent with the intermediate hairpin formation model proposed to account for many of the excision footprints left by the hAT family of transposons (9) . Moreover, since these features are shared by all but one of the most frequently generated Ascot-1 excision products, it is likely that Ascot-1 excision occurs predominantly by this pathway. Thus, Ascot-1 resembles most closely nonautonomous transposons of the hAT family, such as the Ds element of maize.
In the hairpin pathway, cleavage would occur precisely at the FIG. 4 . Example of the detection of Ascot-1 transposition in b2-G0 derivatives. Southern blots of genomic DNA digested with NdeII were probed with the 409-bp Ascot-1 sequence. Lanes P1 and P2, b2-G0 parental strains, containing two copies of Ascot-1 (arrows). The b2-interrupting copy is present on the larger of the two nearly comigrating NdeII fragments. Lanes 1 to 20, colored derivatives obtained from several independent crosses between P1 and P2. In all 20 derivatives, the larger NdeII fragment is missing, indicating full excision of Ascot-1 from b2. In seven derivatives, a new hybridizing NdeII fragment indicative of Ascot-1 reinsertion elsewhere in the genome can be seen. Derivatives in lanes 4, 7, and 8 are independent and correspond to product 9; those in lanes 9 and 10 were isolated from the same fruiting body and correspond to product 16. Derivatives in lanes 18 and 19 correspond to products 34 and 19, respectively. a Number of derivatives isolated from independent crosses (and thus unambiguously nonclonal).
b Two of the six reinsertions involve the two derivatives isolated from the same cross. These two reinsertions are nevertheless nonidentical, which indicates that the two derivatives are nonclonal.
c The two derivatives isolated from the same cross were in fact produced by the same fruiting body and were clonal.
d The two reinsertion events are identical and involve the two clonal derivatives.
3Ј ends of Ascot-1, as in any other pathway (see the introduction), and would be staggered outward from the transposon 5Ј ends by one nucleotide so that an appropriate hairpin is formed at each flank. Depending on how cleavage of the element is effected, hairpin formation would result either from ligation of two free ends at each flank or else, as in V(D)J recombination, from direct transesterification (Fig. 5A) . Resolution and further processing of the two hairpin structures would follow as in V(D)J recombination and would involve the recruitment of different end-joining activities that may or may not be specific (23) .
A common origin for small palindromic additions and small deletions? The hairpin model is attractively economical in explaining all of the predominant class 1 products of Ascot-1 excision (Fig. 5) . Thus, products 9 and 46 (Fig. 5B) and products 47 and 48 (see the legend to Fig. 5B ) can most simply be viewed as corresponding to the two alternative outcomes possible after direct ligation of the nicked hairpins and repair. On the other hand, products 3 and 43 (Fig. 5C ) could arise as a result of two simple alternative reactions, direct ligation and annealing, respectively (the alternative ligation/repair outcome, a 5-bp product, was not observed either because of the limited number of stable mutant derivatives analyzed and/or because of bias in the ligation/repair reaction). As for the three products shown in Fig. 5D , they could result from the nontemplated addition of a T at the 3Ј end of the resolved right FIG. 5 . Models for hairpin formation and footprints generated by Ascot-1 excision. (A) Hairpins may be formed either by staggered double-strand cleavage (left; vertical arrows) and ligation of the ends released at each flank or by single-strand cleavage followed by direct transesterification (right; vertical and curved arrows, respectively). In the latter case, nucleophilic attack by the exposed 3ЈOH flank ends does not occur on the phosphodiester bond directly opposite, as in V(D)J recombination, but on the bond immediately 5Ј to it. (B to D) The resulting left and right hairpins are indicated at the top of each section. Asterisks indicate the position of the nick used for hairpin resolution. All nicks have the same polarity and produce 3Ј overhangs, which may favor the nontemplated addition of nucleotides by a terminal transferase-like activity (8) . Ligation is drawn arbitrarily as occurring on only one strand, followed by repair. Alternatively, ligation could involve both strands and would be followed by repair of the mismatched DNA duplex. (B) Products 9 and 46 are reciprocal ligation/repair products. Products 47 and 48 (Fig. 3) are also reciprocal ligation/repair products, generated when the resolving nicks occur as in panel B for the left hairpin and as in panel C for the right hairpin. (C) Depending on whether the resolved hairpins are directly ligated or annealed first, product 3 or 43, respectively, is generated. (D) Three possible outcomes from the same pair of resolved hairpins, following the nontemplated addition of a T (underlined) at the 3Ј end of the right flank. Alternative ligation/repair gives products 6 and 10, while annealing gives product 44.
hairpin: subsequent ligation/repair would give alternatively products 6 and 10, and annealing would give product 44.
As developed in Fig. 5 , the hairpin model suggests that the small deletions which distinguish class 1B from class 1A products originate by single-strand nicking of the corresponding hairpins rather than by double-strand nicking. Thus, the small deletions shown by the class 1B products may have the same origin as the small palindromic additions exhibited by all class 1 products. Moreover, by indicating that nicking of the two hairpins must occur on opposite strands, this model suggests the existence of steric constraints also at this stage.
The formation of the less frequently observed class 1 products displaying small size alterations are also readily explained by the hairpin model. Products 7 and 8 could both be related to products 6 and 9, if two nontemplated nucleotides are added to the nicked right hairpin shown in Fig. 5D before ligation to the nicked left hairpin shown in Fig. 5B . Similarly, products 1, 2, 4, 5, and 45 might all result from the nontemplated addition of nucleotide(s), prior to either ligation (products 4, 5, and 45) or filling in of the recessed 5Ј ends and ligation (products 1 and 2) (not shown). Alternative schemes, such as the formation, in rare cases, of a noncanonical hairpin at one end, can clearly be envisaged. Product 5, for example, could result from the nicking of a right hairpin formed following an outward 5Ј cleavage staggered by two nucleotides instead of one at the downstream transposon end (not shown). As for the two products of the rare class 2, little is revealed by their structure regarding the nature of the molecular events that might have led to their synthesis.
Unidirectional, large deletions are probably caused by an exonuclease activity. Among the less frequent class 1 products, class 1C products are distinguished by the unique feature of exhibiting large deletions on one side of the excision site (the origin of the second deletion shown by product 17 is not known and will not be discussed, as it may be unrelated to the excision event; product 17 corresponds to derivative b2-G234, crossed many times since first isolated). Our data set provides interesting information as to the likely cause of these deletions. Comparison of products 17 to 42 indicates that their upstream deletion endpoints are distributed uniformly along the sequence and thus strongly suggests the action of an exonuclease from the resolved left hairpin prior to ligation and repair. Remarkably, products 17 to 42 all exhibit a sequence motif (CAGTGCTGGT) at the downstream end of the deletion that potentially results from the right hairpin being resolved at the same position in every case. Moreover, with the exception of product 24, none of these products exhibits a nontemplated addition of a nucleotide at the 3Ј end of the putative resolved right hairpin. These observations strongly suggest that the vulnerability of the resolved left hairpin to exonucleolytic degradation is not determined randomly. The factor(s) that may govern this vulnerability could be the sequence or structure of the resolved left hairpin itself and/or the type and order of processing events at the right hairpin. Whether the same or other factors govern the vulnerability of the right hairpin and cause large downstream deletions (as in product 16 [ Fig. 2B] ) can be determined only by systematically searching for these deletions. The frequent occurrence of the only other large downstream deletion identified in our sample (product 13 [ Fig.  2B] ) suggests, however, that this search might be in vain. Indeed, the deletion exhibited by product 13 is unique in pointing to an end-joining reaction directed by significant sequence homology. It is therefore possible that whenever exonucleolytic degradation involves at least 534 nucleotides, annealing between the left resolved hairpin and the nearly identical 23-nucleotide-long motif thus exposed will occur preferentially to end ligation.
Processing of the two flanks at the excision site exhibits strong biases. Although our data provide ample evidence that the excision reaction can generate extensive diversity at the excision site, they also show that it does so in a highly nonrandom manner. For example, the putative right hairpin appears to be preferentially nicked as shown in Fig. 5C and D, since the right palindrome most frequently observed, either directly or indirectly as a result of alternative ligation/repair, is CAGTG (Fig. 2B, 3, and 5) . Similarly, nicking of the putative left hairpin would exhibit some preference, although less marked than for the right hairpin. Thus, the most frequently observed left palindrome is GGACC (corresponding to a nicking of the left hairpin as in Fig. 5B ), but other palindromes are also frequent (Fig. 2B, 3, and 5 ). Nonrandom positioning of the single-strand nick required for hairpin resolution has been recently demonstrated for V(D)J recombination, based on extensive in vitro studies performed with various V(D)J substrates (11, 13, 17, 18) . Furthermore, these studies have led to the conclusion that hairpin sequences play a determinant role in dictating where resolution takes place. Although the two hairpins formed at the excision site are related in sequence (in their terminal part) by virtue of the target site duplication that was created during transposon insertion, they differ because of their opposite polarities (Fig. 5) . Thus, it is likely that the nonrandom, distinct patterns of resolution observed for the putative left and right hairpins are determined in large part by their sequences. In turn, this implies that the predominant excision footprints produced at different locations by the same hAT transposon may differ with respect to the length of the palindrome(s) they may contain. Data compatible with this prediction have recently been obtained for Ds transposon in maize (26) .
As alluded to above, nonrandomness in the processing of the two putative hairpins formed during Ascot-1 excision is also overtly apparent at a later step. Thus, nontemplated addition of nucleotides is frequently observed upstream of the most frequent right palindrome CAGTGC, but only when this palindrome is not associated with a large deletion of the left flank (18 of 19 class 1A or 1B products but only 1 of 25 class 1C products [ Fig. 2B and 3] ). Moreover, this nontemplated addition is highly biased, since the first nucleotide added in every single case is a T (shown on the opposite strand as an A in Fig.  2B and 3 ). Nontemplated addition may also occur preferentially at the end of the left palindrome TGGACCA, but data are too limited for this observation to be significant. Noticeably, however, addition of the first residue is not restricted to the nucleotide T this time. Whether these nontemplated additions are effected by a terminal transferase is an open question, as this enzyme has only been described to date in mammals, exclusively in cells actively engaged in V(D)J recombination (8) . A putative Ascobolus terminal transferase activity would nevertheless differ from that of mammals, since the latter shows a marked preference for the insertion of G, not T, residues (3). Alternatively, nonpalindromic nucleotides may be added at the excision site by other mechanisms, such as those proposed on an ad hoc basis to explain the presence of filler DNA at the junctions formed by end joining in nonlymphoid mammalian cells (23) .
Transposon fate is linked to the processing of the excision site. Transposon reinsertion was detected in approximately a quarter (13 of 54) of independent derivatives tested ( Table 1 ). Given that reinsertion was looked for in only one of the four meiotic products of each revertant ascus and that Ascot-1 transposition takes place preferentially during the last mitotic cycle before meiosis, this proportion is compatible with trans-position occurring from unreplicated sites into replicated sites that are genetically unlinked. Statistically significant departure from this possible scenario, however, was observed for the predominant excision product 9, for which reinsertion was detected in six of seven independent cases, compared with reinsertion in one of five independent cases for the predominant product 6 and in none of four cases for each of the predominant products 10 and 13. This disproportionately high level of association between excision and reinsertion observed for product 9 indicates that reinsertion must occur frequently to neighboring locations whenever excision gives rise to this product. This result would therefore imply that whether reinsertion of an element occurs to linked or unlinked sites depends on the exact nature of the processing events at the excision site.
Evolutionary considerations. Like other small-size DNA alterations and point mutations, small palindromic additions create variability. Intriguingly, they appear to be produced exclusively by V(D)J recombination or excision of transposons of the hAT family, as they are not otherwise within the range of DNA alterations produced by repair of chromosomal doublestrand breaks (15, 25, 30) , nor are they produced by replication errors (5) . Since V(D)J recombination is a somatic process, however, the mutations that it produces do not serve as raw material for evolution. In marked contrast, transposon excision can occur in the germ line, as in the case of Ascot-1. Thus, it is legitimate to ask to what extent excision footprints containing small palindromic additions contribute to mutation pressure. Based on a series of crosses related to those performed in the present study, 5% of all spontaneous spore color mutations in Ascobolus were found to be due to the insertion of Ascot-1 (9a) . Given that the frequency of spore color mutants in these crosses was approximately 2.5 ϫ 10 Ϫ4 per meiosis and that 18 genes in addition to b2 control spore color, this gives an absolute frequency of forward mutations caused by Ascot-1 of 6.6 ϫ 10 Ϫ7 per gene per meiosis. With a frequency of excision events restoring the reading frame Ͼ0.5 ϫ 10 Ϫ3 (see Results) and a proportion of excision footprints with small palindromic insertions of Ն50% (Fig. 2B and 3) , alterations of this type will arise at a combined frequency of Ͼ1.6 ϫ 10 Ϫ10 per gene per meiosis. As these excision footprints can be expected to add several new codons to a gene sequence (Fig. 2B) , it is interesting to compare their frequency to that of two intersuppressing frameshift mutations, since these may also change the coding sequence locally (note, however, that intersuppressing frameshift mutations rarely lead to codon addition and allow a much narrower range of codon changes overall). Assuming that all mutations except those caused by Ascot-1 are frameshift mutations, their frequency is 1.2 ϫ 10 Ϫ5 per gene per meiosis. The frequency of obtaining a second, suppressing frameshift mutation in a given gene can be estimated to be 1.2 ϫ 10 Ϫ7 [(1.2/2) ϫ 10 Ϫ5 ϫ (60/3,000)], assuming that all frameshift mutations are divided randomly between ϩ1 bp and Ϫ1 bp, that the gene size is 3 kb, and that intergenic suppression can take place between sites located no more than 60 nucleotides apart. This gives, therefore, an estimated combined frequency of at most 1.4 ϫ 10
Ϫ12
per gene per meiosis for two intersuppressing frameshifts, compared to an estimated frequency of 1.6 ϫ 10 Ϫ10 for palindrome-containing footprints that restore the reading frame. Although based on many approximations, these results strongly argue in favor of the importance of small palindromic additions produced by excision of transposons of the hAT family as generators of genotypic and phenotypic variability.
ADDENDUM
Since this paper was submitted for review, evidence for the formation of 3Ј overhangs as a result of hairpin resolution has been obtained for V(D)J recombination (25a).
